Evolutionary outcomes are dictated by both deterministic (e.g., natural selection) and 1 stochastic (e.g., genetic drift or environmental uncertainty) forces 1-8 . The repeated finding of 2 similar phenotypes or genotypes across multiple natural or experimental populations in 3 analogous environments suggest that deterministic forces are strong enough for reinforcing 4 some predictability 8-12 . However, the extent to which the phenotypes discovered in two 5 extreme environments can be interpolated to an intermediate environment remains largely 6 unknown, as increased stochastic forces at intermediate environments cannot be ruled out. 7 Experimental evolution can help uncover the constraints of evolutionary predictability and 8 reveal whether there are non-monotonic patterns of deterministic or stochastic forces across 9 environmental gradients. Here, we perform experimental evolution of Escherichia coli under 10 three nutritional transfer periods (TP): every day, every 10 days, and every 100 days, 11 representing different levels of starvation. After 900 days of experimental evolution, 12 intermediately starved cells had evolved a distinct lower growth rate and higher mutation 13 rate, neither of which were found in the other extreme treatments. Because the 14 intermediately starved populations exhibit significantly high molecular parallelism, their 15 distinct phenotypes are likely due to non-monotonic deterministic forces instead of stronger 16 stochastic forces. Our results demonstrate novel complexities associated with evolutionary 17 predictability across environmental gradients. 18 Natural microbial populations, including facultative pathogens with clinical or agricultural 19
a phenotype known as growth advantage in stationary phase (GASP) [20] [21] [22] . Other phenotypes 24 observed in E. coli during resource limitation involve increased mutation rates 23, 24 , as populations 25 experiencing repeated exposure to resource limitation have exhibited the evolution of trade-offs 26 between maximum growth rate and sustainable growth 25 . Although these studies and others report 27 genetic and phenotypic responses to resource limitation, there has been a lack of replication across 28 parallel treatments or varying timescales. As such, conclusions that the phenotypic response to 29 starvation, or any selective pressure, scales progressively is premature. To address this issue, we 30 surveyed the evolutionary response of populations along a selective gradient to determine if there 31 are any constraints on the genotypes and phenotypes associated with long-term starvation. 32
To establish the evolution experiment, we used ancestral lines with two different genetic 33 backgrounds (GB): a wild-type strain (WT) and a WT-derived strain with impaired methyl-34 directed mismatch repair (MMR-) wherein an engineered deletion of mutL yields a ~150× increase 35 in the single nucleotide mutation rate 26 . With three TPs (one day, 10 days, and 100-days), each 36 TP/GB combination was replicated in eight parallel experiments, resulting in 48 experimental 37 populations (8×3×2), allowing us to examine the parallelism within each treatment combination. 38
After 900 days of experimental evolution, we quantified the growth behaviours. Notably, 10-day 39 populations take significantly longer to reach their maximum growth rate (Tmax) when assayed in 40 96-well plates than ancestral, 1-and 100-day populations (Fig. 1a , WT: tanc = 14.91, Panc = 4.5 x 41 10 -10 ; t1-day = 11.65, P1-day = 4.6 x 10 -10 ; t100-day = 1.99, P100-day = 0.057; MMR-: tanc= 7.24, Panc = 2.5 42 x 10 -5 ; t1-day = 7.81, P1-day = 8.4 x 10 -6 ; t100-day = 1.87, P100-day = 0.073; pairwise Welch's t-test, two-43 sided, adjusted by FDR). In addition, 10-day populations present significantly smaller colonies on 44 LB agar than ancestral, 1-and 100-day populations ( Fig. 1b-e , WT: tanc = 44.99, Panc< 1 x10 -16 ; 45 t1-day = 5.56, P1-day = 3.3 x 10 -4 ; t100-day = 4.85, P100-day = 5.6 x 10 -4 ; MMR-: tanc = 16.10, Panc = 5.4 46 47 sided, adjusted by FDR). This severe reduction in growth rate in the 10-day populations illustrates 48 just one of the non-monotonically evolving phenotypes observed in response to repeated resource 49 limitation. 50
To further study the underlying molecular mechanisms for phenotypic evolution and 51 determine if the rate of genomic evolution in each of the TP/GB conditions follows the same 52 discordant pattern as growth rate, we performed high-throughput metagenomic sequencing every 53 100 days (mean coverage > 100×, Supplementary Table 1 .1) and estimated genomic divergence 54 by summing the derived allele frequencies (DAFs) for all single nucleotide polymorphisms (SNPs) 55 at each time point. The rate of genomic evolution is then defined as the slope in the linear 56 regression of summed DAFs against the number of generations. We found that in both the WT and 57 MMR-backgrounds, the rates in 10-day populations are the highest followed by the rates in 100-58 day populations ( Fig. 2a) . This increased rate of genomic evolution is still observed when other 59 measurements for genomic divergence are used (Extended Data Fig. 1) . Nonetheless, when 60 comparing the probability of fixation in nonsynonymous, intergenic, and synonymous mutations, 61 we found no evidence suggesting that stronger positive selection drives the elevated rate of genome 62 evolution in 10-day populations (Extended Data Fig. 2) . Therefore, below we will examine two 63 other candidate factors: mutation rates and subpopulation structure. 64
Previous studies have illustrated that E. coli can experience increased mutation rates during 65 stationary phase 23 . Thus, we performed fluctuation tests 27 to determine how resource limitation 66 had affected the mutation rate and if more resource-depleted conditions had selected for newly 67 arising mutators or anti-mutators. We observed significant effects of TP in both genetic 68 backgrounds (WT: P = 1.4 x 10 -5 ; MMR-: P = 0.014; Kruskal-Wallis test, Fig. 2b ). Ten-day clones 69 surprisingly evolved significantly higher mutation rates than daily clones (WT: P = 8.9 x 10 -6 ; 70 MMR-: P = 5.6 x 10 -3 , Mann-Whitney U test) but 100-day clones did not (WT: P = 0.48; MMR-: 71 P = 0.068, Mann-Whitney U test), once more depicting a non-monotonic pattern in phenotypic 72 evolution as the intermediate, 10-day environment produced the most extreme mutation rate. 73
Another candidate factor that may increase evolutionary rates is subpopulation structure 28 . 74
As it has previously been shown that our culture environment supports subpopulation structure in 75 daily-transferred populations 29 , we wanted to determine how TP affected genetic diversity. We 76 used a clade-aware hidden Markov chain (caHMM) which assumes the coexistence of two clades 77 (major and minor) to infer which mutations belong to the basal clade (i.e., mutations that sweep 78 through the entire population before the establishment of subpopulations) and which belong to 79 either the major or minor clade 30 (Fig. 3a) . caHMM revealed that TP (P = 6.1 x 10 -6 , Scheirer-80 Ray-Hare test) affects the stability of subpopulation structure (measured by the duration that two 81 clades are observed to coexist; Fig. 3b ) and that subpopulation structure in 100-day populations is 82 significantly less stable than in daily populations (P = 3.1 x 10 -5 , Mann-Whitney U test) and 10-83 day populations (P = 4.2 x 10 -5 , Mann-Whitney U test). Consistently, the proportion of fixed 84 mutations inferred to belong to the basal clade in a population is negatively correlated with the 85 stability of subpopulation structure (Extended Data Fig. 3 ) and is greatest in 100-day populations 86 (Extended Data Fig. 4 ). Plotting the temporal distribution of DAFs reveals that mutations with 87 intermediate DAFs (0.3-0.7) are less abundant in 100-day populations (Extended Data Fig. 5) , 88 consistent with a lower tendency to form subpopulation structure. This lower tendency is unlikely 89 due to insufficient evolutionary time. For example, by 300 days, daily-transferred lines have 90 experienced enough genomic evolution to promote subpopulation structure in 13 of 16 populations. 91
However, by 500 days (calculated based on Fig. 2a) , the same amount of genomic evolution only 92 results in 2 of 16, 100-day populations exhibiting subpopulation structure. Therefore, TP 93 contributes to the increased rate of genomic evolution, but the extremely long nutrient-replenishing 94 time experienced by 100-day populations reduces the likelihood of establishing stable 95 subpopulation structure. 96
We previously observed that biofilm formation was one of the major phenotypes emerging 97 in our culture conditions and was generally indicative of the evolution of subpopulation structure 29 . 98
Here, we observed that while daily and 10-day populations produce visible biofilms at the surface-99 air interface, 100-day populations do not ( Fig. 3c ). If biofilm formation is essential to the 100 establishment of stable subpopulation structure in our culture tube environment, then the absence 101 of biofilm formation in 100-day populations is consistent with the inability of the caHMM to detect 102 the stable coexistence of multiple clades within 100-day populations. Further, the thickness of the 103 biofilms appears greater in 10-day populations, revealing another non-monotonically evolving 104 phenotype. 105
Lastly, to seek evidence for positive selection and distinguish which mutations are likely 106 adaptive across the nutrient-limitation gradient from those promoted to fixation due to genetic 107 draft 31 , we focused on the nonsynonymous mutations and calculated for each gene a G-score 108 indicating the degree to which parallel mutations are overrepresented 32 .A higher sum of all G-109 scores indicates that observed mutations tend to be found in a smaller subset of genes within a 110 TP/GB combination. Compared to the simulated null distribution, the observed sum of all G-scores 111 is higher in all TP/GB combinations ( Fig. 4a-b ; Supplementary Table 1 .2), revealing a 112 significant amount of parallel mutation and suggesting that positive selection is shaping these 113 populations. Interestingly, the statistical significance of G-scores for 10-day and 100-day 114 populations is much greater than for daily populations, suggesting that the pool of adaptive 115 mutations for 10-day and 100-day populations is more limited, possibly due to their environmental 116 harshness. A similar analysis also reveals significant overrepresentation of genes affected by 117 parallel indels or IS-element insertions ( Fig. 4c; Supplementary Table 1 .3) highlighting 118 parallelism in likely loss-of-function mutations. In addition to genic-level parallelism, we 119 identified a set of 115 nonsynonymous mutations that arose in at least two experimental 120 populations in a TP/GB combination (Extended Data Fig. 6 ; Supplementary Table 1 .4). Such 121 nucleotide-level parallelism again suggests positive selection in action. 122
By determining the functional implications of genes under positive selection, we can begin 123 to understand the cellular processes that must be altered in order to sustain repeated starvation. GO 124 analysis of the list of genes overrepresented for nonsynonymous SNPs revealed that populations 125 subjected to extended resource limitation (10-and 100-day) are enriched for mutations in genes 126 related to global gene expression (regulation, termination, and fidelity of transcription and 127 translation) as well as resource import and metabolism ( Supplementary Table 1 .5-7). Of the 128 genes associated with gene expression and metabolism, we notably observe mutations in genes 129 that regulate or are regulated by the stringent response including crp and sspA. We also observed 130 mutations in essential genes involved in gene expression: a nonsynonymous mutation in the 131 transcription terminator rho that arose in four 100-day populations; and two mutations in the 132 translation elongation and ribosome recycling factor, fusA, that arose across five 10-day 133 populations ( Supplementary Table 1 .4). We additionally focused on candidate mutations with 134 the potential to influence the observed changes in mutation rates (GO:0006281 -DNA Repair or 135 GO:0006260 -DNA replication) and found more parallel mutations in 10-day populations than in 136 1-or 100-day populations ( Supplementary Table 1 .8). This finding is consistent with the non-137 monotonic pattern in mutation-rate evolution. Further studies are needed to understand how 138 alteration of genes responsible for basic molecular processes, such as replication, transcription, 139 and translation benefit populations experiencing repeated starvation. 140
Several implications can be drawn from the reported results. First, if the evolution of 141 cooperation is key to the emergence of population substructure 29 , our findings suggest cooperation 142 is harder to evolve in extremely resource-limited environments, possibly due to a combination of 143 low mutation rates and limited pool of beneficial mutations. This echoes the findings that resource-144 deficient environments promote detachment of biofilm formers 33 or metastasis of cancer cells 34 . 145
Second, genes involved in global gene expression and resource import/metabolism are 146 targets for adaptive mutations in starved populations. However, despite our 100-day populations 147 spending the vast majority of their time in long-term stationary phase, we strikingly observed a 148 lack of mutations affecting genes commonly associated with the growth advantage in stationary 149 phase (GASP) phenotype , such as rpoS 18,35 and lrp 19 . Further investigation is needed to determine 150 if the absence of these mutations is due to strain specific/culture environment differences or 151 because these mutations are transient, with benefits that are no longer realized after repeated 152 exposure to extreme starvation. 153
Third, while elevated mutation rates are often found associated with stressful 154 environments 36 and are observed in 10-day populations, the extremely long nutrient-replenishment 155 cycles of the 100-day populations lowered the tendency towards elevated mutation rates. 156
Population-genetic models have suggested that higher mutation rates can be tolerated in 157 populations experiencing constant environmental fluctuations 37-39 . Our experimental results of 10-158 day populations suggest that, when environmental fluctuations are neither too rapid nor too 159 infrequent, mutator alleles are best tolerated and able to fix. Consistent with a reduced tolerance 160 for increased mutation rates, in both 1-day and 100-day populations, it is common to observe a 161 reduction in mutation rate across individuals with MMR-backgrounds ( Fig. 2) , although the 162 genetic source of this reduction is not apparent. Clearly, these changes in the evolved mutation 163 rate are determined by a multiplicity of factors requiring more detailed study. 164
Finally, we observed that the responses of many molecular and phenotypic traits are non-165 monotonic across an environmental gradient of nutrient limitation. One possible reason for the 166 deceleration of trait evolution in 100-day populations may be related to an economic theory known 167 as 'the maximization principle' (Fig. 4d) . Although populations may experience an increase in 168 evolutionary opportunity with more extreme levels of resource limitation (e.g., increases in 169 beneficial mutation rates, distance from fitness optima), they also experience increases in 170 evolutionary constraints (e.g., increases in deleterious mutation rates, and decreases in effective 171 population sizes, resource availability, and accessible mutational trajectories). If both the total 172 evolutionary opportunity and evolutionary constraint increase such that their curves recede and 173 then approach, then the greatest net evolutionary opportunity will exist in an intermediate 174 environment. Consequently, the largest magnitude of adaptation will not exist at the most extreme 175 environments, leading to non-monotonic trait evolution. These results raise questions about the 176 predictability of evolution and advocate a need for more investigation into molecular and 177 phenotypic evolution along environmental gradients. Zinser To measure colony size, revived 900-day populations and day-0 progenitor strains were 375 grown overnight at 37°C and shaking at 175 rpm in 16-x 100 mm culture tubes containing 10 mL 376 of LB broth. Following overnight incubation, serial dilutions of 100 μL of culture in 900 μL of 377 phosphate buffered saline were made down to dilutions of 10 -5 , before plating 100 μL of diluted 378 culture on to TA agar (1.6% agar, 1% arabinose, 1% tryptone, 0.5% NaCl, 0.1% yeast extract, 379 0.0005% TTC) and incubating for 24h at 37°C. TA plates were then photographed with a 20 mm 380 scale in frame using an iPhone XS. Photos were then analysed with ImageJ (NIH, 381 https://imagej.nih.gov/ij/), by first setting the pixel to distance ratio using the in-frame scale before 382 flatting the photo to 8-bit black and white, setting the threshold to highlight the colonies, and using 383 the 'measure particles' tool. Measurements for six arbitrary colonies per analysed population were 384 recorded. 385
Presence and absence of biofilm at the surface-air interface was determined by reviving 386 900-day populations and day-0 progenitor strains in 16-x 100 mm culture tubes containing 10 mL 387 of LB broth overnight at 37°C and shaking at 175 rpm. Following incubation, culture tubes were 388 visually examined for the presence of biofilm attached to the culture tube at the surface-air 389 interface. and their frequencies were identified using Breseq v.0.30.2 with the predict-polymorphisms 411 parameter setting 42 . All mutations that were identified to previously exist in ancestral lines were 412 discarded from the following analysis. Further, our analysis only included the samples which 413 passed the following additional four quality checks: 1) we required mean sequencing depths > 10; 414 2) any WT sample identified to contain the 1,830 bp deletion in mutL from the PMF5 progenitor 415 strain was discarded; 3) regions lacking sequencing coverage (i.e. depth = 0) must be smaller than 416 5% of the genome; and 4) the sequencing result should reflect the correct genetic background in 417 terms of ara markers, including a nonsynonymous SNP at position 66528, an intergenic SNP at 418 position 70289, and a multiple base substitution mutation (SUB) at position 66533. For an ara+ 419 line, we required either of two SNPs showing DAF < 0.2. For an ara-line, we required either of 420 two SNPs showing DAF > 0.8 or the SUB is detected. In the end, 395 genomic profiles passed QC 421 and were included in the following analysis (Supplementary Table 1.1) . 422
In order to remove the mutations that originated from the starting clone before experimental 423 evolution, we discarded any mutations with a DAF = 100% at one time point for at least 11 424 experimental populations with the same genetic background from the analysis. In addition, as the 425 highly repetitive sequences in rsx genes are known to cause errors in SNP calling 43 , they were also 426 removed from the analysis. 427 428
Guaranteed generations 429
The calculation of guaranteed number of generations is based on the following two observations. 430
First, pre-transfer population density in the culture tube was measured at day 200, 300, 400, 500, 431 600, 700, 800, 900, by serial dilution in phosphate-buffered saline (PBS) before plating on LB agar 432 for CFU counts and revealed that the population density does not significantly change throughout 433 experimental evolution (Extended Data Fig. 7) . This suggests the carrying capacity of 434 experimental populations is recovered within a transfer period after 1:10 dilution and the 435 populations must have experienced at least 3.3 (log210) generations between transfer periods. 436 Therefore, the first estimate of guaranteed generations (g1) per day equals 3.3, 0.33, and 0.033 437 when the transfer period is one day, 10 days, and 100 days, respectively. Second, we found that 438 between transfer periods novel mutations arise and are able to be fixed within one sequencing 439 interval. Therefore, given the carrying capacity K, the population should at minimum experience 440 log2K cell divisions in 100 days. Using estimated K = 1.21 x 10 10 , 2.13 x 10 8 , and 3.71 x 10 7 441 (Extended Data Fig. 7) , the second estimate of guaranteed generations (g2) per day equals 0.30, 442 0.28, and 0.25 when transfer period is one day, 10 days, and 100 days, respectively. The final 443 number of guaranteed generations (g) for each transfer period is then determined as the larger 444 value between the corresponding g1 and g2. 445
Given that K was only estimated pre-transfer, when the feeding cycle is long it is possible 446 that populations have reached to a density K* higher than K and decreased back to K within one 447 feeding cycle. If this is true, the first estimated guaranteed generations (g1') per day should be 448 [log2(K*/K) + 3.3]/TP, where TP is the transfer period. While g1' is likely to be larger than g, the 449 observed fold-changes in the genomic evolutionary rates between in longer transfer periods cannot 450 be fully explained by this possibility. For example, if the 9.4-fold change in 10-day lines compared 451 to daily lines were entirely due to this possible underestimation, g1' needs to be 9.4-fold higher 452 than g1, which requires an implausible K* = 4.7 x 10 16 . Similarly, if the 8.8-fold changes in 100-453 day lines compared to daily lines were entirely due to this possible underestimation, g1' needs to 454 be 8.8-fold higher than g, which also requires an implausible K* = 7.2 x 10 64 . Therefore, even if 455 we had tracked the population density throughout the entire experimental evolution, it is likely that 456 we still could not find substantial effects of changing population densities on our observations. 457 458
Rate of genomic evolution 459
We quantified the level of genomic divergence for each experimental population at each 460 time point by summing all DAFs of detected mutations. Then we calculated the mean genomic 461 divergence across all eligible experimental populations in each TP/GB combination 462 was performed by the function "lm" in R with formula "mean genomic divergence ~ guaranteed 464 generations + 0" (linear model), which enforces the y-intercept as 0. 465
To explore the possibility of nonlinear relationship between the genomic divergence and 466 time, we also performed regression using the formula "mean genomic divergence ~ guaranteed 467 generations + square root of guaranteed generations + 0" (nonlinear model), which was previously 468 proposed to catch the trend of diminishing returns 32 . However, the results of nested ANOVA test 469 suggest no strong evidence supporting that the nonlinear model is substantially better than the 470 linear model (Extended Data Fig. 8) . 471
472

Fluctuation test and mutation rate estimation 473
To quantify the genetic mutation rate of our evolved populations and their ancestors, we performed 474 fluctuation tests as described 22 on clones isolated from each evolved population at 900 days. 475
Briefly, fluctuation tests measure the rate of resistance to the antimicrobial rifampicin which is 476 conferred by mutations to rpoB. For each TP/GB combination, the four ara-populations were 477 assayed. For the first two populations with smaller population numbers, four independent clones 478 were picked; for the last two populations with larger population numbers; two independent clones 479 were picked. For the WT or MMR-ancestor, five independent clones were used. For each clone, 480 40 replicate experiments were performed. Number of mutants as determined by CFU counts/mL 481 were converted to an estimated mutation rate by the function "newton.LD" function in the R 482 package "rSalvador" 44 for each clone. 
Calculation of G-scores and GO term enrichment 518
To test whether the set of candidate nonsynonymous mutations in a TP/GB combination 519 were influenced by positive selection, we calculated G-score for each gene 32 . A larger G-score 520 means more overrepresentation for a gene. To calculate G-scores, we first counted the observed 521 number of fixed nonsynonymous mutations in gene i per TP/GB combination (Oi), and the 522 expected number for gene i (Ei) was calculated by Otot(Li/Ltot), where Otot = Σi Oi, Li is the number 523 of nonsynonymous sites for gene i, and Ltot = Σi Li. The G-score for gene i (Gi) was then calculated 524 by 2Oiln(Oi /Ei) or defined as zero when Oi = 0. Note that 2Oiln(Oi /Ei) could be smaller than zero 525 when 0 < Oi < Ei. This can lead to a paradox that Gi is smaller when a gene was hit by a few times 526 compared to the situation that the same gene was not hit at all. Therefore, we also defined Gi = 0 527 when 2Oiln(Oi /Ei) < 0 in the following analysis. 528
Because the null expectation of G-scores varies with total number of fixed nonsynonymous 529 mutations (Extended Data Fig. 9) , we performed 20,000 simulations in each of which Otot hits are 530 randomly distributed among all Ltot sites across all genes in the genome. To evaluate the 531 significance of the sum of G-scores (Fig. 3a) , we calculated the corresponding z score by (the 532 observed sum -mean of simulated sums) / (standard deviation of simulated sums). To evaluate the 533 significance of G-score for gene i, we directly compared the Gi to the distribution of 20,000 534 simulated Gi. The P-value was determined by the proportion of simulated Gi larger or equal to the 535 observed Gi. The multiple test correction was performed by multiply each gene's P-value by the 536 number of genes with at least one hit by the set of fixed nonsynonymous mutations (Bonferroni 537 correction). Only the genes with Bonferroni corrected P-value < 0.05 are called significant. Using 538 this set of significant genes for each TP/GB combination, we performed enrichment tests of gene 539 ontology biological processes (BP) terms using the function "enrichGO", the organismal database 540 org.EcK12.eg.db, and a q-value cut-off = 0.05 in R package "DOSE" 46 . 541 542
Overrepresentation of the genes affected by structural mutations 543
To test whether the set of genes that were affected by structural mutations (indels and IS-544 element insertions) in a TP/GB combination were influenced by positive selection, we also 545 calculated a G-score for each gene 32 . To calculate G-scores, we first counted the observed number 546 of populations with any structural mutations in gene i per TP/GB combination (Oi), and the 547 expected number for gene i (Ei) was calculated by Otot(Li/Ltot), where Otot = Σi Oi, Li is the gene 548 length for gene i, and Ltot = Σi Li. The G-score for gene i (Gi) was then calculated by 2Oiln(Oi /Ei), 549 following the methods described in the above section. 550
We also performed 20,000 simulations and determined the Bonferroni corrected P-value 551 for each gene i following the methods described in the above section. As a result, we found all the 552 genes with Oi ≥ 2 show Bonferroni corrected P-value < 0.05. 
